We examine the modes of oscillation of an isolated magnetic flux tube in the absence of gravity, with parameters chosen to mimic a sunspot. Gravitational stratification of the umbral atmosphere leads us to consider two cases, distinguished primarily by the ordering of the Alfvén speed and the external sound speed. The transition between these two regimes occurs at about the level where the optical depth, t c , is equal to 1 in the umbra. The modes given by our model, taken together with the observations, suggest that 3 minute oscillations are slow-body modes (driven by overstable convection) and that a sunspot consists of a bundle of poresized flux tubes rather than a single "monolithic" one. We identify fast-body modes in the tube with the observed 5 minute oscillations of the umbral photosphere and below. The excitation of these modes propagating up or down the tube may explain the recent observation that sunspots act as sinks for p-modes propagating in their environment. We associate running penumbral waves with fast-and slow-surface modes. The fast-surface wave could arise from fast-body modes driven below the level where t c = 1 ; the slow-surface waves may arise from granular buffeting or overstable convection.
I. INTRODUCTION
Sunspots are observed to support oscillations in three broad categories. Three-minute oscillations are seen across the umbra at all heights and have periods in the range 100-200 s. Five-minute oscillations also appear across the umbra but are restricted to the photosphere and below; they appear to be strongly related to the p-modes seen in the quiet Sun. Finally, there are penumbral waves with periods around 4-5 minutes or larger, which sometimes exhibit coherent wave fronts emanating from the edge of the umbra (running penumbral waves). See Moore and Rabin (1985) for a recent review.
Observational problems and theoretical complexities have made progress in understanding these motions difficult. A major problem is to identify which modes we are seeing and how they are being driven. Clearly, to tackle the full problem with gravity and sunspot structure included would be very difficult and would probably force us to adopt numerical techniques. Such approaches have been pursued by Scheuer and Thomas (1981) , Thomas and Scheuer (1982) , Staude (1983, 1985) , Zhugzhda, Staude, and Locans (1984) , and Gurman and Leibacher (1984) . These models are quite sophisticated and consequently difficult to interpret, as can be seen by the long debate in the literature concerning the various types of cavity.
Here we consider an alternative approach, examining the structural aspects of a sunspot at the expense of ignoring the effects of gravity and the attendant fanning out of the sunspot field above the photosphere. Thus, we model a sunspot as an isolated magnetic flux tube. The parameters we choose for the tube need careful consideration because, in the case of a sunspot, these vary significantly with height. In particular, the ordering of the characteristic speeds changes in an important way at around the level where the optical depth in the umbra, t c , is equal to 1. In order to assess the effects this may have on oscillations, we consider two parameter regimes chosen to be representative of the sunspot above and below the level where t c = 1. Such a model is not new (see, for example, Roberts 1981a; Edwin and Roberts 1983; Abdelatif 1988) , but its application to sunspots has not been fully exploited. We interpret the reported observations in the light of this model. We also comment on the mechanisms responsible for driving the various modes of oscillation. Finally, we speculate on the structure of a sunspot in light of observed variations of period with position in the umbra.
II. A SIMPLE TUBE MODEL a) The Dispersion Relation
We consider a cylindrical magnetic flux tube of radius a, embedded in a uniform field-free atmosphere. In a cylindrical coordinate system (r, 0, z) with an axisymmetric magnetic field B 0 rz, uniform within the tube and aligned along the z-axis, magnetostatic pressure balance requires that the sum of the gas pressure p 0 and the magnetic pressure Bl/2p inside the tube be equal to the confining pressure p e outside; i.e.. 
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Linear, adiabatic perturbations about the equilibrium are described by the equations of ideal magnetohydrodynamics, which yield (e.g., Roberts 1986) where A 0 is a constant. In addition, we require that p T remain bounded as r -► oo, so that outside the tube (where the magnetic field is zero)
Pt -A e K n (m e r), d c i7 n (n c r) + A e2 Y"(n e r) , ml >0 , m 2 <0, (r > a), (2.10) where k 2 d co and c se = (ypJPe) 112 is the sound speed in the environment of the tube where the gas density and pressure are p e and p e , respectively. Because we are only interested in modes of the tube itself, we shall restrict attention to those solutions which are evanescent outside the tube, corresponding to the case m 2 > 0; i.e., co < ct
The case of modes which propagate outside the tube has been discussed by Webb (1979), Spruit (1982) , and Gaily (1986). a Using the prototype sunspot model of Pizzo 1986 as a guide. b 100 km below the t c = 1 level in the umbra. c 150 km above the t c = 1 level in the umbra.
Across the boundary of the tube, we require that v r and p T be continuous. Application of these conditions to the solutions (2.9) and (2.10) yields the dispersion relations (Wilson 1980; Spruit 1982; Edwin and Roberts 1983) Po(k 2 vl -co 2 )m t K(m e a) , where the dash denotes the derivative of the functions. Following Roberts (1981a, h) , solutions with ml > 0 are termed surface modes, and those with ml <0 are termed body modes; both surface and body modes exhibit motions which are essentially confined to the tube (because m e > 0).
Having found the dispersion relation, we may now calculate the ratio of velocities in the radial and vertical directions. Here the absolute value signs denote the " amplitude " of the respective quantity ; i.e., the coefficient of the relevant Bessel function for both v z and v r . We find that and we shall refer to this in § III.
b) The Parameter Regimes Deep down in a sunspot, the plasma beta (ß = 2fip 0 /Bl) will be large, and therefore v A < c s . Owing to the temperature deficit within the spot, c se will always exceed c s . At some depth within a sunspot, then, we have the following ordering of speeds: c T <v A <c s < c se (c T is always less than v A or c s ). The Alfvén speed will rise with height in the spot, but the two sound speeds fall until reaching their minima, where the temperature is lowest. Above the temperature minimum, a tube model is inappropriate for a sunspot. Thus, to cover the range of heights in which we are interested, we must also consider the following orderings: C T <C S <V A < C se , Cj < c s < c se < v A .
It turns out that the relative sizes of v A and c s have no qualitative effect on the modes which are allowed. This is analogous to the usual magnetoacoustic modes in a uniform medium. Thus, we need only consider two cases: (i) v A < c se , and (ii) c se < p A . For the actual parameter values, we have used the prototype sunspot model of Pizzo (1986) as a guide (see his Figs. 5, 6, and 10). We take values at approximately 100 km below and 150 km above the level where t c = 1 in the center of the umbra to represent cases (i) and (ii), respectively. The numbers are given (to two significant figures) in Table 1 , and the characteristc speeds are shown in Table 2 . Figure 1 indicates schematically the allowable modes for the two cases. The difference between the two cases is that fast-body modes which are permitted to propagate below the t c = 1 level become fast-surface modes above this level. The terms " fast " and " slow " refer to the phase speed being less than or greater than the smaller of c s and v A , again analogous to the uniform medium. A comprehensive discussion of the modes allowed for various cases is given in Abdelatif (1988) . Figures 2 and 3 show the calculated modes for cases (i) and (ii), respectively. For the surface modes, we have plotted curves for n = 0,1, and 2. Higher azimuthal order modes differ little from the n = 2 case. The body modes are shown for n = 0 and 1. There are an infinite number of modes for each value of n, analogous to standing waves on a string fixed at two points. Higher order (n > 2) modes, not shown here, follow a similar pattern. For the slow-body modes, the fundamental has a higher phase speed than the first harmonic, which in turn has a higher phase speed than the second harmonic, and so on. For the fast-body modes, this ordering is reversed. For the body modes, we have plotted the fundamental and the first two harmonics, except in the case of the n = 0, slow-body mode. For this azimuthal order, the fundamental has the solution co/k = v A . Substituting this into the original equations (2.2)-(2.5), we find that p T , v z = 0, and the resultant mode is a torsional Alfvén wave with This mode is not of interest to us here, because it would not result in detectable Doppler shifts in the umbra, its motions being entirely in the horizontal plane. The behavior of surface modes for small ka and n > 0 is largely governed by the value of c k , the mean Alfvén speed, defined by
If c k < c T , then the slow-surface modes with n> 0 have phase speed « c k for small ka 9 while for n = 0, the phase speed « c T . Otherwise, all the slow-surface modes satisfy co/k -► c T as ka -► 0. In Figure 3 , the slow-surface modes for n = 0, 1, and 2 are almost identical.
An approximation often employed for the body modes is to use a "rigid tube" boundary condition, corresponding to taking p r = 0 at r = a. This results in a much simpler dispersion relation than that given in equations (2.11) and (2.12), and in most cases it is fairly accurate. However, it should be noted that for the n = 0 fundamental fast-body mode, this approximation breaks down at small values of ka; the rigid tube calculation yields oe/k = c s for the case illustrated in Figure 2 , and this is clearly far from the truth. This restriction, then, should be borne in mind when using the rigid tube approximation. The reason for the breakdown in the case of the fast-body mode is that such modes have relatively strong motions outside the tube, and so the assumption of a rigid tube can distort the problem significantly. This can be see in Figure 4 , where we display the longitudinal velocity component, v z , for a slowand a fast-body mode. The edge of the plot is outside the tube, but it is distorted for the fast mode, though virtually undisturbed for the slow mode. The modes chosen for this plot are the n = 0, first harmonics.
in. APPLICATIONS a) 3 Minute Oscillations Much work has been done on the observation and interpretation of the 3 minute oscillations. Moore and Rabin (1985) give an excellent review of the observations; Lites and Thomas (1985) , Lites (1986a, b) , , Balthasar, Kuveler, and Wiehr (1987) and Thomas et al (1987) is a selection of more recent work. "Three minute oscillations" is perhaps an unfortunate name, since their periods in fact range between 120 and 200 s. We shall regard 3 minute oscillations as those with periods around 180 s and which are detected over a range of heights in the spot. They were seen first in their more extreme, possibly nonlinear, form as "umbral flashes" by Beckers and Tallant (1969) . Since then, there have been many observations of oscillations and flashes with periods in the range of interest, and at several different levels in the umbra. They are detected only inside the umbrae of stable spots, there being a noticeable absence of power in these ranges for young, developing, or unstable spots (Lites and Thomas 1985) . No correlation between sunspot structure and period has been established.
Oscillations with periods in the range 100-200 s are observed at various heights in a sunspot, though with differing degrees of clarity Fig. 4 .-Plots of the longitudinal motion v 2 for fast-and slow-body modes in case (i). Side of the square is 2.5a. Note that the environment is more disturbed for the fast wave than for the slow wave. We have taken ka = 10 and n = 0. These are both first harmonics, but for the slow wave, the fundamental does not appear in Fig. 2 (see text).
constant energy would have a much smaller amplitude in the deeper parts of the spot. Thus, it is not surprising that 3 minute oscillations are difficult to detect at photospheric levels. Evidence for the existence of photospheric 3 minute oscillations is given by Beckers and Schultz (1972) , Rice and Gaizauskas (1973) , Thomas, Cram, and Nye (1984) , Lites and Thomas (1985) , and Abdelatif, Lites, and Thomas (1986) . There is a wealth of observational evidence for 3 minute oscillations above the photosphere. It is reasonable, though not certain, that these oscillations are manifestations of the same phenomenon at different heights. Support for this hypothesis is given by the coherence analysis of Lites and Thomas (1985) and Thomas et al (1987) . Henceforth, we will assume implicitly that the 3 minute oscillations extend coherently from the photosphere to the transition region.
In offering an interpretation of these oscillations with the simple tube model presented here, we shall focus attention on the body modes. The observations of Giovanelli (1972) and Lites (1986a) indicate peaks and troughs of vertical velocity across the umbra, which is consistent with the nature of body modes. Such a pattern may also be produced by surface modes if we adopt the idea of Parker (1979a) that a sunspot is a collection of small flux tubes. Then we may see the motion of several separate surface modes, corresponding to the different flux tubes, across the umbra. These motions would give an overall pattern of peaks and troughs. However, the motions of surface modes are concentrated around the edge of the tube. Thus, we would expect to see " rings " of large-velocity amplitude where the edges of the tubes occur. The evidence in Giovanelli (1972; see his Fig. 2 ) and Lites (1986a; see his Fig. 4 ) would seem to indicate that this is not the case, since we see patches of large-amplitude oscillation. Therefore, we interpret the 3 minute oscillations as body modes. If the size of the small flux tubes is below current resolution limits, then this would have to remain an open question. This does not mean, however, that we discount the flux tube bundle concept. In the following discussion, we shall consider the effect this might have by taking tubes of radius a = 2000 km, representative of a pore or small spot, and a = 10,000 km, representing a typical sunspot.
In the parameter regime appropriate to photospheric layers, case (i), there exist both fast-and slow-body modes, whereas in the higher layers, case (ii), only the slow-body modes occur. Since 3 minute oscillations are observed at both levels, we conclude that they must be identified with slow-body modes. Abdelatif (1988) has suggested that 180 s oscillations are fast-body modes. This comment is made on the basis that fast-body modes cannot propagate into the chromosphere (because they are absent in case [ii]), and 3 minute oscillations are observed to be evanescent at this level. The observations also show that 5 minute oscillations are not detected at levels above the photosphere in the umbra. Thus, the 3 minute oscillations are the more persistent of the two observed in the umbra. It would seem to us that the most obvious way to match this behavior with our model is to assume that 3 minute oscillations are slow-body modes. Because the evanescence in the chromosphere is due to the cutoff frequencies introduced by gravity, this effect is not included in our model.
It is very difficult to determine the ratio of the velocity amplitudes parallel and transverse to the magnetic field in the umbra, but the general belief is that motions in the chromosphere are aligned predominantly with the field. In the photosphere, this may not be so pronounced, because the field is less dominant there. The observations of Beckers and Tallant (1969) show umbral flashes and small " clouds " of material which have proper motions closely following the field lines. Assuming that umbral flashes are largeamplitude, nonlinear extensions of 3 minute oscillations, it is reasonable to assume that the chromospheric oscillations are aligned mainly with the magnetic field.
From equation (2.13), motions are predominantly field-aligned (i.e., v z > v r ) for co 2 « /c 2 c| or oe 2 » k 2 c 2 (provided v A is not close to c T or c s ). When v A > c s , the slow-body mode region is bounded by c T and c s , and |t; z |/|i; r | will be large. Consequently, above the photosphere, the motions involved in the slow-body modes are predominantly field-aligned, matching the observational description above.
EVANS AND ROBERTS
Vol. 348 352 There are two main candidates for the excitation of 3 minute oscillations : forcing by overstable oscillations in the superadiabatic layers below the photosphere (as originally put forward by Danielson and Savage 1968 and followed up by Moore 1973; Mullan and Yun 1973; Roberts 1976; Antia and Chitre 1979; Scheuer and Thomas 1981; Thomas and Scheuer 1982) and broad-band, turbulent "white noise," as suggested by Staude (1983, 1985) , Zhugzhda, Staude, and Locans (1984) , and Gurman and Leibacher (1984) . Driving by external p-modes and buffeting by external convective cells on various scales (granules, supergranules, etc.) could be added to these.
The p-modes seem unlikely to act as the driving mechanism for 3 minute oscillations, because a predominance of periods around 5 minutes would then be expected. Observations at chromospheric levels show strong oscillations at 3 minutes, but virtually nothing in the 5 minute band. Umbra 3 in Lites and Thomas (1985) showed no significant power in the 3 minute band, but did exhibit strong 5 minute oscillations. This would suggest again that 3 minute oscillations are not driven by the p-modes which would be present in all three umbrae.
In order to assess the periods that may be generated by granules, supergranules, etc., we assume that at the subphotospheric levels v A & 5 km s -1 and c r ae 4 km s -1 , and consider the two cases, a = 2000 km and a = 10,000 km. Use of the dispersion relations (2.11) and (2.12), as displayed in Figure 3 , allows us then to examine prospective driving mechanisms. Figure 3 , in particular, enables us to assess the range of allowable phase speeds for the first few harmonics of the slow-body modes, depending on the value of ka. The results are given in Table 3 .
A scale of À = 10 4 km may be taken as representative of supergranular buffeting. This clearly does not produce the desired periods. Thus, we may rule out supergranules as a driving source for 3 minute oscillations, leaving granules impacting on the side of the spot or overstable convection within the spot as possible sources.
Slow modes propagate predominantly along the magnetic field, so it is unlikely that an external generation mechanism would produce them with any significant power in the umbra. However, Lites and Thomas (1985) and Abdelatif, Lites, and Thomas (1986) find that the umbral oscillations are strongest near the center. Thus, we may eliminate the possibility that granulation or supergranulation drives the slow-body modes. , following Danielson and Savage (1968) and Savage (1969) , studied the problem of overstable oscillatory convection in the superadiabatic layers below the surface. In this work, he chose a typical length scale of 350 km. The superadiabatic layer is strong enough to create significant overstability only over the top few hundred kilometers; e.g., Parker (1979h). Thus, it is quite conceivable that the required length scale for the observed periods is present in overstable oscillations. In the course of studying overstability in sunspots, Roberts (1976) concluded that periods of around 150 s were quite reasonable. Thus, we conclude that umbral, 3 minute oscillations are slow-body modes driven by internal, overstable convection.
Several authors (Giovanelli 1972; Phillis 1975; Lites 1986a ) have noticed a dependency of the oscillation period on position within an umbra. There appear to be cells of coherence, roughly 3" (2000 km) in diameter, across the sunspot. Giovanelli (1972) indicates that different points in an umbra have their own characteristic frequencies. Figure 1 of Beckers and Schultz (1972) indicates that the period of oscillation increases with distance from the center of the umbra. Lites (1986a) looks at different patches of umbra separately and finds that each has a distinct power spectrum. Furthermore, he finds that the period of power peaks of a patch tends to drift in time or switch from one value to another.
We have mentioned previously the two possible models for a sunspot: a single large tube, or a flux tube bundle (Parker 1979a). On the basis of the periods produced in Table 3 , it is not possible to choose between the two possibilities. However, the observations indicating a localized nature of the 3 minute oscillations would seem to favor the flux tube bundle hypothesis, because it is difficult to see how a single large tube could support modes in which period varies with position in the manner outlined by Lites (1986a) .
A flux tube bundle model can easily match the observed local nature of umbral oscillations. It is quite natural to expect each tube to have its own characteristic frequencies and so forth. The observations of Lites (1986a) indicate a broad similarity in the power spectra for the different patches, but it is clear that there are distinctions. This is to be expected for separate tubes that are broadly similar. Weak correlation between tubes could occur due to some " leakage " from one tube to another at lower levels in the spot where slow modes are less confined by the field. Also, it is reasonable to expect that the patches Lites used for the observations would not coincide with the hypothesized small flux tubes. Consequently, the spectrum of a given patch may be a composite derived from two or more flux tubes. Then, the simple fact of one tube's oscillation growing while another's decayed would appear as if the patch covering both tubes switched from one mode to another.
It is currently difficult to determine whether a sunspot is a single, nonuniform tube or a bundle of smaller tubes, though the observations of distinct oscillatory patches (Giovanelli 1972; Lites 1986a) seem to indicate subtubes. Recently, Garcia de la Rosa (1987) has observed the development and breakup of sunspots, indicating that pore-sized elements retain their identity throughout.
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In summary, then, we have argued that overstable convection in the subphotospheric regions is the predominant source of slow waves with periods in the range 100-200 s. These waves may propagate at all levels in the spot. The observed variation of periods across an umbra favors a sunspot structure that is fragmented into individual tubes. b) 5 Minute Oscillations Oscillations with periods around 5 minutes are found in photospheric spectral lines formed in the umbrae of sunspots (Soltau, Schroter, and Wohl 1976; Giovanelli, Harvey, and Livingston 1978; Thomas, Cram, and Nye 1982, 1984; Abdelatif, Lites, and Thomas 1986; Balthasar, Kuveler, and Wiehr 1987) . As in the case of the 3 minute oscillations, they may exhibit a cellular pattern. Five minute sunspot oscillations are lower in amplitude than those found in p-modes of the quiet Sun (Abdelatif, Lites, and Thomas 1986; Balthasar, Kuveler, and Wiehr 1987) . Lites and Thomas (1985) examined three umbrae, one of which was still in the process of formation, and found that whereas only the two well-formed spots exhibited 3 minute oscillations, all three showed signs of 5 minute oscillations. Thus, whatever drives 5 minute oscillations in a sunspot cannot be strongly influenced by the stability or youth of the spot. It seems likely, as Thomas (1981) has suggested, that the p-modes of the quiet Sun are responsible for driving 5 minute oscillations in sunspots.
To discuss the interaction of external acoustic waves with the flux tube, it is necessary to examine solutions (2.10) with ml < 0. To represent an incident acoustic wave and its reflection, the appropriate form of the solution outside the tube is p T = H^(n e r) + C e H^(n e r), (3.1)
where are Hankel functions of the first and second kind, respectively. Matching this as before to the solution p T = A 0 J n (n 0 r) for r < a enables us to determine A 0 and C e . Thus, acoustic waves outside the flux tube generate modes whose form within the tube is the same as that for fast-body modes.
The p-and/-modes can thus be expected to generate modes with all values of n 0 above a certain figure. For these modes, we have The temperature outside a sunspot is larger than the internal temperature, though the deficit will decrease with depth. Also cl and cl c will increase with depth. Thus, for the deeper regions of a sunspot, where magnetic effects are small, n% min will decrease with depth. Suppose that interaction with p-modes generates a wave within the sunspot having a value of nl marginally above n% min . Some of this wave energy will propagate up the flux tube, maintaining the same values of co and n 0 . At higher levels, n^ min will have increased in value so that at some point it will be greater than n% for the wave under consideration. This will mean that the wave is completely reflected at the tube boundary and so becomes a fast-body mode. Hence, p-modes generating internal waves at depth can drive fast-body modes at higher levels.
Recently, Braun, Duvall, and Labonte (1987,1988 ) discovered that a sunspot may absorb as much as a half of the incident energy flux due to p-modes for horizontal wavenumbers above a critical value. The description above may give a qualitative explanation of this behavior. The stratification is vital to this explanation, so a proper study cannot be done without a much more sophisticated approach. It is worth noting from Figures 2 and 3 , however, that fast-body modes will not propagate above the level where t; A = c se . This matches the observations in that 5 minute umbral oscillations are not present in lines formed above the photosphere.
If we define a critical wavenumber k as the value where the fast-body mode curves of Figure 2 intersect with the line co/k = c se , then it can be shown that Hence, we may find the critical k for the first harmonic, n = 0 fast-body mode. For the parameters of case (i), we find that k = 926/a, corresponding to a wavelength of about 7 Mm, a figure comparable with the size of a sunspot. Also, we may see from equation (3.6) that as v A approaches c se , the value of the critical wavenumber increases without bound. Thus, on the basis of the explanation given above, we would expect less absorption and more reflection of p-modes to occur at higher levels. Furthermore, waves driven at lower levels and guided up the spot tend to leak away as they approach the level where v A = c se . It would thus be quite natural for the power in 5 minute umbral oscillations to rapidly diminish around the photosphere, and this is indeed observed.
In a recent investigation, Abdelatif and Thomas (1987) have investigated the response of a flux tube to incoming sound waves, and find that the tube may react resonantly. Such resonances are presumably related to the excitation of the guided fast-body waves that we have described here. We should note also that resonance scattering of sound waves off* thin tubes (such as the kilogauss intense flux tubes of the photosphere) offers diagnostic possibilities (Bogdan 1989) .
The suggestion that the observed p-mode sink behavior of sunspots may be explained in terms of the excitation of the natural modes of oscillation of the spot itself-in particular, guided fast-body waves-involves no loss of energy, of course. The incoming wave motion is simply transferred to a wave propagating up or down the spot. A mechanism that involves actual dissipation has recently been examined by Hollweg (1988) , who concludes that while resonance absorption in the rapidly changing magnetic structure of the sunspot boundary may well contribute to the observed behavior of p-modes near a spot, it is unlikely to provide a complete explanation of the phenomenon. c) Penumbral Waves Giovanelli (1972 Giovanelli ( , 1974 and Zirin and Stein (1972) first observed oscillations in the penumbra of a sunspot. In movies of a spot viewed in the wings of the Ha spectral line, dark rings around part of the umbra were seen to propagate outward. They have amplitudes of approximately 1 km s -1 at the umbral-penumbral boundary and have phase speeds in the range 20-35 km s -1 . Observed periods show quite a range of values. Thomas, Cram, and Nye (1984) report periods around 200-300 s, while Lites (1988) finds frequencies as low as 0.7 mHz (periods as high as 1400 s). Some authors have reported a relationship between umbral oscillations and penumbral waves (Giovanelli 1972; Lites, White, and Packman 1982; Lites 1988) , which may be interpreted as a result of their having a common source . Recently, Lites (1988) has produced good observations of penumbral waves. He reports frequencies of «3.5 mHz (period «286 s) and «2 mHz (period «500s) in the upper photosphere, but only «3.5 mHz higher up in the penumbral chromosphere. He also states that motions in the high photosphere are aligned predominantly with the field (previously, the motion was thought to be transverse). The alignment of the motions in the penumbral chromosphere is uncertain. The 3.5 mHz waves in the chromospheric penumbra do not show the characteristic pattern of p-modes, despite the close similarity of the frequencies.
It is clear that a flux tube model does not represent the penumbra. However, it is likely that penumbral oscillations may emanate from the umbra, and so have their origin as some kind of tube wave. The periods observed in the penumbra are distinct from those of the umbra. This suggests that we may be looking at a mode (or modes) which is confined to the edge of the tube, and which only becomes visible when these edges fan out. In case (ii) of our model, there are two surface modes available : the slow and fast waves. The motions associated with slow surface waves are predominantly field-aligned. According to Lites (1988) , this is also the case in the penumbral photosphere, but not necessarily in the chromosphere. The lack of detection of the 2 mHz frequency in the penumbral chromosphere indicates a correlation between this lower frequency and the field-aligned motions. Consequently, we identify these 2 mHz oscillations as slow-surface waves and, hence, the 3.5 mHz waves as fast-surface waves.
Miles and Roberts (1988) have recently discussed magnetoacoustic surface modes at an interface between a magnetic and a nonmagnetic region. They find that there exist two surface waves, fast and slow, but that only for certain orderings of the characteristic speeds are both permitted to propagate. When both fast-and slow-surface waves are present, they find that the penetration depth for the fast surface mode is greater than that for the slow-surface mode. (A similar result can be seen by examining the penetration depth inside the tube of our model, l/m 0 , for co 2 « k 2 cj-[slow] and co 2 « k 2 c 2 e [fast] .) This could explain, within our interpretation, why Lites (1988) does not find any frequencies around 2 mHz in the upper chromosphere. The chromospheric oscillations in the penumbra will originate from nearer the center of the umbra than the upper photospheric ones. Thus, since the slow-surface mode has a smaller penetration depth than the fast-surface mode, we can expect a significant reduction in the strength of the slow mode in comparison with the fast mode, toward the center of the tube.
Despite the low phase speed of the slow-surface modes, a wavelength of the order of only 1000 km is necessary to generate such long periods as seen by Lites (1988) . It is quite conceivable, then, that the slow surface waves are generated by granules outside the spot impacting against the sides. We do not need to worry here about the slow modes' lack of propagation across the field, because we know that the penumbral waves are localized to the edge of the spot and often to only a part of the circumference also. However, MAGNETIC FLUX TUBE OSCILLATIONS 355 No. 1, 1990 we cannot discount the possibility that the slow-surface waves are driven by overstable convection, like the slow-body modes, but at a greater depth. Our model is not sophisticated enough to provide an answer to this question.
In case (i), we have found that there are no fast-surface modes. We have, however, seen that fast-body modes could be driven by the interaction of p-modes in the quiet Sun with the sunspot. As these body modes propagate vertically upward, they approach the level where t? A = c se . At this level, only the fundamental, n = 0 fast-body mode remains. As the other modes propagate toward this level, they may be expected to take on more of the characteristics of the leaky modes associated with lateral propagation outside the tube (e.g., Cally 1986 ). The energy of these modes will be lost to the environment of the tube, while that of the fundamental n = 0, fast-body mode remains within the tube. This may propagate further as a fast-surface mode giving penumbral oscillations with p-mode frequencies, but not the same pattern of oscillation.
Is there sufficient energy in the p-modes to drive the penumbral waves? Giovanelli, Harvey, and Livingston (1978) estimate an energy flux in running penumbral waves of very much less than 3 x 10 6 ergs cm -2 s" ^ Assuming this energy to be radiated over the entire spot with a radius of 10 4 km, we obtain a total energy flux for running penumbral waves over the whole spot of very much less than 3 x 10 6 7r(10 9 ) 2 ergs -1 « 10 25 ergs -1 . On the basis of stochastic excitation of p-modes by turbulent convection, Libbrecht (1989) estimates their total energy flux to be « 10 30 ergs -^ Assuming this energy to be distributed uniformly over the surface of the Sun yields an energy flux into a sunspot of at most 5 x 10 25 ergs -^ It would seem, then, that there is sufficient energy available in p-modes to generate running penumbral waves.
IV. CONCLUSIONS
We have attempted to examine the oscillations of a sunspot by using an isolated magnetic flux tube as our model. To mimic the stratification due to gravity, we have examined the modes of oscillation for two cases: (i) representative of the region where gas pressure dominates magnetic pressure, and (ii) where the field is relatively weak. In both cases, we find slow-body and slow-surface modes. In case (i), we find fast-body modes, but in case (ii) only fast-surface modes are present.
In the context of our model, summarized in the sketch of Figure 5 , we have argued that umbral 3 minute oscillations are naturally identified as slow-body modes driven by overstable convection in the superadiabatic layers below the visible surface. The variation of period across umbrae, reported by several authors, suggests that a sunspot is made up of a bundle of pore-sized flux tubes.
We have argued that umbral 5 minute oscillations are fast-body modes driven, at least to some extent, by p-modes. As these fast-body modes propagate upward, some of their energy leaks away from the tube, and the remainder is transformed into fast-surface modes which manifest themselves as penumbral waves with periods around 5 minutes. This may account for the observed absorption of p-mode energy by a sunspot. Slow-surface modes, driven by granules or overstability, may also produce penumbral waves, but with longer periods.
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